Abstract -Vegetable oils can be considered as an alternative or emergency fuel for diesel engine. However, vegetable oils result in operational and durability problems for the long-term operation because of being much more viscous than diesel fuel. To eliminate this drawback, blending of vegetable oils with diesel fuel or alcohol is one of the most widely used techniques. In the existing literature, many studies are available on the measurement and prediction of density and viscosity of binary blends (especially biodiesel (BD)-diesel fuel (DF) blends), although, there is still the lack of comprehensive studies in which reliable density and viscosity data are presented, new regression models are proposed and compared with other regression models for waste cooking oil (WCO)-DF binary blends. Therefore, in the present study, (1) 
INTRODUCTION
Due to the gradual depletion of world petroleum reserves, rapidly increasing their prices and growing concern about effects of exhaust emissions released from petroleum products on environmental and human health, alternative fuels have become an important need during the last decades [1] - [3] . In this sense, vegetable oils can be considered a promising renewable alternative fuel for diesel engines because of their several technical benefits such as: (1) higher flash point, lubricity and biodegradability [4] - [6] , (2) non-toxicity, sulphur and aromatic contents [7] , (3) ready availability [8] , (4) renewability [8] and (5) liquid nature-portability [9] . Thus, many studies on using vegetable oils in diesel engines have been conducted by several researchers [10] - [12] . However, vegetable oils also have some 215 shortcomings such as: (1) higher viscosity (about 10-20 times higher than DF) because of higher molecular weight and branched chemical structure, (2) poor cold flow properties, (3) lower volatility and (4) reactivity of unsaturated hydrocarbon cha ins [13] - [16] . These shortcomings mainly bring about operational and durability problems during direct or in-direct diesel engine tests for especially long-term operations [17] - [19] . Among these shortcomings, high viscosity causes poor fuel atomization resulting in larger droplet size, decreasing air-fuel mixing quality and incomplete combustion accompanied by decreasing engine performance and increasing exhaust emissions especially CO, HC and smoke [20] - [22] . Some techniques can be applied to vegetable oils to overcome the high viscosity problem such as: heating, blending with other fuels (diesel or alcohols), transesterification (i.e. converting to BD), thermal cracking, emulsification, etc. [23] , [24] . Among these techniques, blending is one of the most practical techniques for reducing viscosity. In other words, in the existing literature, there are many studies on the measurement and prediction of densities or viscosities of BD-DF or BD-DF-alcohol blends by means of different regression models or approaches [21] , [22] , [25] - [30] , nevertheless, few studies are available on the measurement and prediction of density and viscosity of WCO-DF blends using new regression correlation. Therefore, in order to eliminate the lack of such studies, in this study, (i) WCO was blended with DF at the volume ratios of 2, 4, 6, 8, 10, 15 and 20 %. The resulting binary blends were named to reflect their composition. For example, the name O2 indicates a blend consisting of 2 % WCO-98 % DF. Similar naming (O4, O6, O8, O10, O15 and O20) and fractions are also valid for the binary blends. (ii) The measurements of densities and viscosities of the WCO-DF binary blends were performed at various temperatures (278.15-343.15 K) according to the related standards. (iii) Effects of temperature on densities and viscosities of the binary blends were evaluated, and finally (iv) new regression correlations such as rational and exponential models for predicting the fuel properties were also proposed by comparing well-known models (Yoon et al. model and linear model) previously published in the existing literature.
EXPERIMENTAL STUDY

Density and Viscosity Measurements
Density measurements of the WCO-DF binary blends were performed accordingly ISO 4787 standard by means of a pycnometer and top loading balance (±0.01 g). Dynamic viscosities of the blends were also determined according to DIN 53015 standard using Haake Falling Ball Viscometer, Haake Water Bath, a stopwatch (±0.01 s) and thermometer (±0.5 °C). The equations used to determine densities and viscosities were given as:
where , , , ball and are density, mass, dynamic viscosity, the coefficient of the viscometer ball and falling time of the ball moving between two horizontal lines marked on viscometer tube at limit velocity, respectively.
The density and viscosity measurements were carried out three times for each sample and the results were averaged. More details can be also found the authors' previous studies [31] ,
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____________________________________________________________________________ 2019 / 23 216 [32] . As is well known, kinematic viscosities were computed by dividing dynamic viscosity to density at the same temperature. Moreover, Annex Table 1 shows some important fuel properties (viscosity, density, flash point, cold filter plug point, average molecular mass, typical formula and higher heating value) of DF used to prepare the binary mixtures.
Uncertainty Analysis
In this study, the highest uncertainty of 0.4517 % was computed for all the targeted results (i.e. density and viscosity), using a method of Kline and McClintock [33] , shows that the measurements are extremely reliable. In addition, an example calculation for uncertainty analysis was found in the authors' previous study [22] .
RESULTS AND DISCUSSION
Change of Viscosity
The variations in kinematic viscosities of WCO-DF binary blends (O2, O4, O6, O8, O10, O15 and O20) measured by the authors versus temperature are illustrated in Fig. 1 where points and lines show the measurement points and calculated values. The viscosity data were correlated to temperature using rational model (Eq. (3)) previously suggested by the authors [21] , [30] and Yoon et al. model (Eq. (4)) [34] . These models were formulated as:
where T is the temperature of binary blends in K or °C, and , and are regression constants.
Viscosity values non-linearly decrease with increasing temperature. It can be seen that the rational and Vogel et al. models successfully represent the viscosity variation vs. temperature throughout all studied temperature in terms of qualitative behavior. In other words, the calculated values from the rational and Vogel et al. models are close to the measurements. Annex Table 2 lists kinematic viscosity data of the binary blends measured by the authors, percent relative errors between measured data and calculated values from Eq. (3 ) and Eq. (4), and regression constants and correlation coefficients (R) of these models. The maximum relative errors coming from Eq. (3) The validity of the rational and Yoon et al. models for predicting viscosity was also investigated using data of PO-DF binary blends (PO5, PO10, PO15 and PO20) measured by Baroutian et al. [35] at various temperatures (20-90 °C), as shown in Fig. 2 . Baroutian et al. [35] prepared their binary blends on volume basis. The viscosity variation of PO-DF binary blends with temperature shows also non-linear behavior. The relation between viscosity and temperature is found to be well expressed by the rational and Vogel et al. models for all studied temperatures. The dynamic viscosity data of PO-DF binary blends measured by Baroutian et al. [35] , percent relative errors and regression parameters of models are given in Annex Table 3 . The maximum relative errors between the measured and calculated values from Eq. (3) and Eq. (4) were obtained as 3.2725 % and 3.5801 % while the minimum R values were obtained as 0.9994 and 0.9992, respectively, showing that the rational model also better matches to the experimental data given by Baroutian et al. [35] . 
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In summary, according to the results mentioned above, the variation in viscosity with respect to temperature is found to be better represented by the rational model [21] , [30] previously recommended by the authors in terms of qualitative and quantitative b ehaviors, and the model reliably can be used to predict viscosity of WCO-DF binary blends. Fig. 3 shows the effects of temperature on changes of density of WCO-DF binary blends (O2, O4, O6, O8, O10, O15 and O20). The measured data illustrated points were correlated by means of the exponential model (Eq. (5)), previously derived by the authors [21] , [29] for the various BD-DF blends, and well-known linear model (Eq. (6)) [36] such as:
Change of Density
where T is temperature of blend in K or °C. Table 4 shows density data for WCO-DF binary blends at various temperatures (278.15-343.15 K) measured by the authors, regression constants and correlation coefficients of models (Eq. (5) and Eq. (6)), and relative errors. The maximal differences between the measured data and the predicted densities from Eq. (5) and Eq. (6) are 0.0470 % and 0.2503 % with the minimal R values of 0.9999 and 0.9781, respectively. Fig. 3 , and the relative errors and R values given in Annex Table 4 show that the qualitatively and quantitatively best agreement between the estimated and experimental values by the authors for all blends is captured by the exponential model, resulting in the lowest errors with meaningful variations, followed by the linear model.
In order to research reliability of the models, the density data of PO-DF binary blends (PO5, PO10, PO15, PO20 and PO30) measured at different temperatures (15, 30, 45 , 60, 75 and 90 °C) by Baroutian et al. [35] were also fitted by means of the exponential and linear models, as shown in Fig. 4 . The experimental data indicate that the binary blends show the similar temperature-dependent behavior. In other words, density values about linearly diminish with temperature. The rational and linear models accurately and fairly reflect the temperature-dependent behavior. Annex Table 5 lists the measured density values given by Baroutian et al. [35] , regression parameters of Eq. (5) and Eq. (6) and percent relative errors. The maximum relative errors coming from the exponential and linear models were determined as 0.0581 % and 0.1021 %, while the minimum R values were computed as 0.9998 and 0.9995, respectively. According to these results, the exponential model is determined to be the better model to reflect the effect of temperature on densities of PO-DF binary blends measured by Baroutian et al. [35] . Finally, Fig. 4 and regression results given in Annex Table 4 and Table 5 demonstrate that the density predictive capability of exponential model is found to be better for all temperatures, compared to the linear model previously suggested in the existing literature.
CONCLUSIONS
In the present study, the variations in viscosity and density values of WCO-DF binary blends versus temperature were determined. Viscosity and density measurements were performed according to DIN 53015 and ISO 4787 standards, respectively. The r ational and exponential models were fitted to the viscosity and density data of WCO-DF binary blends measured by the authors and PO-DF binary blends measured by Baroutian et al. [35] . Moreover, the predictive capabilities of the models were compared to Yoon et al. model [34] and linear model [36] recommended by the other authors. The following conclusions can be drawn from this study: − The rational model is determined to be the better predictor than Yoon et al. model [34] . The lowest maximum relative errors arising from the rational model were determined as 2.9679 % and 3.2725 % for the WCO-DF and PO-DF binary blends, compared to 
